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Recent discovery of the pressure-induced phase transition to an antiferromagnetic state in itinerant
ferromagnet LaCrGe3 has been interpreted as a genuine manifestation of ferromagnetic quantum
critical effects. Here, we propose an alternative approach to a switching between ferromagnetic and
antiferromagnetic groundstates in d-electron magnets, the Stoner-like microscopic mechanism, that
relies on a very generic electronic structure properties rather than quantum criticality.
Introduction. Seminal theory of ferromagnetic quan-
tum criticality (FQC) by Hertz [1] has triggered compre-
hensive search for its existence in real materials [2]. How-
ever, the natural candidates, undoped (clean) metallic
ferromagnetic compounds (MFCs) with low Curie tem-
peratures, have been found to generically display first
order phase transitions at T → 0 [2–6].
Search of FQC in MFCs has been assisted with a theo-
retical effort aiming to find loopholes in the Hertz theory
[7–10]. Indeed, Belitz, Kirkpatrick and Vojta (BKV) [7]
proved that the continuity of the phase transition is re-
moved due to quantum fluctuation effects. Instead, as
studied also by other authors [7–10], the first order tran-
sition to a paramagnetism (PM) or to a spatially modu-
lated magnetic phase, was predicted to generically occur
at low temperatures.
Whereas the first order transition to PM has been re-
peatedly observed in MFCs [2–6], an example of an on-
set of an antiferromagnetism (AFM) at the border of an
itinerant ferromagnetic phase (FM), has been discovered
only recently in LaCrGe3 [11, 12]. The success of BKV
and related theories has led to a common acknowledge-
ment of the prevailing importance of FQC effects for the
interpretation of MFCs properties [2, 11, 12].
In this Letter, we propose an alternative understanding
for a pressure-induced FM to AFM transition valid for
d-electron MFCs. This, instead of FQC, relies on, a typi-
cal to d and f -electron MFCs, low-energy band structure
determined by correlated (3d, 4d or 5f) orbital states hy-
bridizing to rather uncorrelated (p or 5d) ones (cf. Fig. 1)
as revealed by ab-initio calculations for LaCrGe3, ZrZn2,
UGe2 and UIr [13–20]. Building only upon this feature
we propose a minimal two-band model accommodating
the two-channel Stoner mechanism which supports pres-
sure induced transitions between FM and AFM states
in d-electron systems. Properties of the model, ade-
quately parametrized to mirror general energy scales and
oxidation states, provide the interpretation of pressure-
induced FM to AFM transition in LaCrGe3 [11, 12] and
lack thereof in LaV0.16Cr0.84Ge3 [21].
Encouraged by this success, and inspired by recent
Landau-theory approach [22], we have formulated general
conditions allowing for a realization of either FM/AFM
or AFM/FM transitions in d-electron magnets under an
applied pressure. Particular constraints, related to the
character of d-orbital: degree of correlations (U), d-level
position (εd) and d-orbital filling (nd), are summarized in
the table of Fig. 1. Subsequently, we have compared our
predictions with properties of ZrZn2 and the itinerant
antiferromagnet CrAs, the latter also reflecting a typical
to MFCs low-energy orbital structure [23–25].
Model. Mixing between correlated d (operators dˆ) and
uncorrelated p (operators cˆ) orbital states is described in
a minimal manner by the p-d Hamiltonian,
H =
∑
kσ
Ekdˆ†kσdˆkσ + U
∑
i
nˆdi↑nˆ
d
i↓
+
∑
kσ
kcˆ
†
kσ cˆkσ +
∑
kσ
(
Vkdˆ
†
kσ cˆkσ + H.c.
)
.
(1)
The stronger degree of electronic correlations among d
than p states is attributed to the more localized nature
of the former ones (cf. Fig. 1) and is accounted for by the
presence of the onsite Coulomb repulsion with the ampli-
tude U in the dˆ-operator subspace, whereas lack thereof
in the cˆ-operator subspace. In (1) σ ∈ {↑, ↓} is a spin
index, i is a position vector of an underlying lattice of
correlated orbitals, k is a momentum vector in the first
i i+1
Utd
V
1st : V vs U
2nd: td vs U
Stoner  channels:
U/|εd|≫1 U/|εd|≳1
0.5<nd≲1 nd≃(≳)1
FM→AFM AFM→FM
FIG. 1. Schematic orbital structure of the Hamiltonian
(1) providing strongly localized, correlated d-orbital states
(green) and delocalized, thus weakly correlated, p-ones (yel-
low). Competition between interaction (U) and, either intra-
orbital hybridization (V ) or direct intra-d-orbital hopping
(td), accounts for the first and the second Stoner channels,
respectively. The table summarizes general conditions to be
fulfilled by d-orbital to allow for a particular magnetic ground-
state switch (cf. main text).
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2Brillouin zone and nˆdiσ ≡ dˆ†iσdˆiσ. Intra-orbital kinetic en-
ergies Ek and k, of the correlated and the uncorrelated
subsystems respectively, are generated on the square lat-
tice by nearest-neighbor hopping integrals, thus with a
dispersion proportional to ξk ≡ −2(cos kx+cos ky). Such
a simplification is representative as a mixed p-d quasipar-
ticle density of states is dominated by features originat-
ing from hybridization between orbitals rather then these
related to the underlying lattice. Precisely, we shall con-
sider k = c + tcξk, Ek = εd + tdξk, and c = 0. More-
over, due to the essentially more localized nature of d
than p orbital states hopping integrals are parametrized
by |td| = |tc|/8. Finally, inter-orbital hybridization is as-
sumed in a momentum independent form (Vk = V ) and
the p-p hopping is taken as the energy unit, |tc| = 1.
Two-channel Stoner mechanism. Superficially, one
could expect that a spin ordering, in MFCs present
mostly at correlated f or d orbitals [11, 18, 26–29], oc-
curs by means of the usual Stoner mechanism due to
a competition between the potential energy of correlated
electrons (many-body Coulomb repulsion term in H) and
the total kinetic energy (remaining single-particle terms).
However, such an approach overlooks in d-electron MFCs
existence of two, qualitatively different Stoner channels.
First Stoner channel (1stSC) accounts for a competi-
tion between strong interactions among f or d states and
their hybridization to the weakly correlated ligand states
(U vs V , cf. Fig. 1). In turn, the second Stoner channel
(2ndSC) refers to the competition between same inter-
actions and the kinetic energy due to a direct metallic
bonding between correlated orbital states (U vs td, cf.
Fig. 1). 2ndSC is usually absent in f -electron MFCs due
to a negligible intra-f -orbital hopping [18–20] (td ' 0).
Contrary, it is clearly present in d-electron MFCs such as
LaCrGe3 and ZrZn2 [13–17].
Character of each channel separately is revealed by
properties of two well-established models: two-band An-
derson lattice model [30–43] (Eq. (1) with td = 0) with
only 1stSC present, and single-band Hubbard model [44–
49] (Eq. (1) with V = 0) accounting solely for 2ndSC.
In both cases moderate interactions for a total filling nt
close to integer yield stable AFM whereas for nt away
from integer favors FM.
The situation in a p-d system, with both channels ac-
tive, is more subtle. In such case the correlated band-
filling nd is not fixed, in contrast to nt, and can notably
change in a response to a modification of parameters as-
sociated with an applied pressure. Consequently, in re-
sponse to a modification of nd, the character of 2
ndSC
can change in the decisive, for a favored magnetic order-
ing, manner. In a following, we thoroughly explore this
idea with the quantitative analysis of H.
Renormalized mean-field approach. The low-energy
properties of the p-d model in the T → 0 limit, i.e. the
Fermi-liquid state and its magnetic instabilities, can be
efficiently analyzed within the Gutzwiller approximation
FM2 FM1 PM
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FIG. 2. Schematic picture of the spin-resolved density of
states corresponding to ferromagnetic (FM2, FM1) and para-
magnetic (PM) phases. FM1 and FM2 differ with Fermi sur-
face topology due to spin selective gap in the former phase.
combined with the optimization of the Slater determi-
nant scheme [36, 50–53], which is equivalent to the slave-
boson approach [54]. Formally, the method accounts for
the following approximation of the d-electron self-energy
Σσ(ω,k) ' <Σσ(0) + ω∂<Σσ(ω)
∂ω
∣∣∣
ω→0
, (2)
that leads to energy spectrum Eσ±(k) = 12
[
E˜σk+ k±√
(E˜σk−k)2+V˜ 2σk
]
. Here we have defined V˜σk≡√qσVk,
E˜σk ≡ qσ[Ek +<Σσ(0)], with qσ=
[
1− ∂<Σσ(ω)∂ω
∣∣
ω→0
]−1
.
Factor qσ is a quasiparticle weight, while <Σσ(0) ≡ µσ
serves as an effective spin-dependent chemical potential.
In our approach, both qσ and µσ are functions of spin-
resolved densities 〈nˆdσ〉 and double occupations 〈nˆd↑nˆd↓〉
at d-orbital, and thus are determined in a self-consistent
manner to minimize energy increase due to the interac-
tion term in H [36, 55].
We note that a p-d model with the total-filling close
to integer supports magnetism of localized moments re-
lated to Mott or Kondo physics [56–61], disregarded by
the Gutzwiller approximation [62]. However, d-electron
metallic magnets are not displaying such features. There-
fore, for consistency, we assume here total-filling far from
integer, nt = 1.6; the regime in which spin interactions
play minor role. This choice also fixes 1stSC to favor FM.
A p-d model describes mixing of orbital states differ-
ing with angular momentum by 1. Such scenario typi-
cally yields negative hopping between even parity states
and positive hopping between odd-parity ones. There-
fore, we adopt here condition td/tc < 0 that ensures
opening of an indirect gap. The resulting density of
states, assuming initially narrow d-band, accounts for a
two-humped structure with a gap allowing for a possi-
ble presence of two FM phases differing with a Fermi
surface topology schematically drawn in Fig. 2 [35, 36].
Such a distinction provides a natural explanation (also
adopted in this work) to experimentally established in
several MFCs (LaCrGe3, ZrZn2, UGe2 and UIr) two dif-
ferent FM1 and FM2 phases and visible in the p-T -h
diagrams [3, 4, 12, 63].
The p-d model with above constraints is analyzed for
a stability of four phases conveniently characterized with
an average, spin and space dependent, density 〈nˆiσ〉: PM
with nPMiσ = nt/2; uniformly polarized FM1 and FM2
3mFM, mAF
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FIG. 3. Magnetic phase diagram on the interaction - hy-
bridization, U -V plane for εd = −0.95. Color scale denotes to-
tal ordered magnetic moment in each phase. An arrow marks
a direction (for V = −0.21) associated with an applied pres-
sure (cf. main text), encompassing FM to AFM transition
accompanied by increase of d-orbital filling (cf. inset).
phases with nFMiσ = (nt+σmFM )/2; and spatially mod-
ulated AFM phase with nAFMiσ = (nt+σmAFMe
iQRi)/2
with Q=(pi, pi) and mFM and mAFM corresponding to
uniform and staggered magnetization, respectively [64].
Quantitative analysis. Effects of an applied pressure
in H can be reasonably captured by assuming identical
increase of all kinetic amplitudes, tc, td and V , provided
fixed U and εd. Equivalently, one can account for de-
creasing ratios of U/|tc| and |εd|/|tc|. Intriguingly, de-
crease of each ratio separately can influence nd, and thus
2ndSC, in an opposite manner. Namely, elevation of εd
universally decreases nd, whereas weakening correlations,
due to a reduction of the energy penalty for double oc-
cupancies, allows for its increase.
An uplift of εd due to an applied pressure can be of
negligible importance in comparison to decreasing inter-
actions if U/|εd|  1. Then, given that the ambient
pressure state is characterized by nd . 1 and favors
FM, weakening correlations allow for a larger nd ' 1
strengthening the tendency toward AFM in 2ndSC. In re-
sult, in such a scenario one can expect a pressure-driven
FM/AFM transition.
In Fig. 3 we present magnetic phase diagram on the
U -V plane for the relatively shallow d-level, εd = −0.95.
Indeed, we have obtained FM to AFM transition driven
by decreasing U/|tc|. We have marked with the arrow
exemplary direction (V = −0.21) mirroring application
of pressure encompassing tricritical point (TP) between
FM1, FM2 and AFM phases for U ' 5, assuring the
condition U/|d|  1 is fulfilled. In the inset of Fig.
3 we show that the d-orbital filling along this direction
discontinuously jumps at FM/AFM transition toward the
half-filling, in accord with the proposed interpretation of
the strengthening of the tendency toward AFM in 2ndSC.
The pressure-driven FM/AFM transition predicted by
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FIG. 4. Magnetic phase diagram on the interaction - d-level,
U -εd plane for V = −0.25. Color scale denotes total ordered
moment in each phase. Arrows mark three possible directions
(U/|εd| = 2.5, 1, 0.5), mirroring an applied pressure (cf. main
text). Direction along the solid arrow (U/|εd| = 1) encom-
passes AFM/FM transition driven by decreasing d-orbital fill-
ing (cf. inset). Note that the small AFM island (for U ' 0.7
and εd ' 0.5) is weakly stable against FM1 and PM phases.
the proposed mechanism is very fragile. This is because
the d-filling necessary for its observation is not only con-
strained from the top by nd . 1 but also from the bottom
by roughly nd > 0.5. The latter constraint can be demon-
strated by lifting d-level higher than εd = −0.95 used
in Fig. 3, causing further depletion of d-orbitals. This
procedure yields absence of stable AFM along the same
direction (V = −0.21) already for εd = −0.8. It happens
because in the diluted d-filling regime, irrespectively of
the U value, the average number of double occupancies is
negligible 〈nˆd↑nˆd↓〉 ' 0. Consequently, decrease of the en-
ergy penalty, originating from U〈nˆd↑nˆd↓〉 contribution to
the free energy, is not efficient enough to allow for an
increase of nd triggering transition to AFM.
On the other hand, in a system which obeys U/|εd| ' 1,
applied pressure should modify both |εd|/|tc| and U/|tc|
ratios on an equal footing such that U/|εd| is fixed. In
such a scenario an applied pressure likely decreases d-
filling. Given that the ambient pressure state is charac-
terized by nd & 1 (e.g. due to deep d-level) and favors
AFM, the decrease of d-filling strengthens tendency to-
ward FM in 2ndSC. Such scenario indicates a possibility
of a pressure-driven AFM/FM transition.
In Fig. 4 we present a magnetic phase diagram on the
U -εd plane for V = −0.25. Indeed, the solid arrow in
Fig. 4, drawn for fixed U/|εd| = 1 determining a possi-
ble direction associated with an applied pressure, crosses
AFM/FM transition. In the inset of Fig. 4 we show
the evolution of the d-orbital filling along this direction.
Consistently with the understanding that 2ndSC changes
its character, nd monotonously decreases and AFM/FM
transition takes place at nd < 1.
In the table in Fig. 1 we have summarized, estab-
4lished by the prior analysis of H, necessary conditions for
possible, pressure-induced FM/AFM or AFM/FM tran-
sitions supported by the two-channel Stoner mechanism.
In the following, we demonstrate on concrete examples,
how knowledge of general energy scales and oxidation
states of d-electron MFCs can be used to parametrize
the mechanism for interpretation or prediction of mag-
netic groundstate switch or its proximity.
LaCrGe3. Face-sharing octahedra of Ge atoms encom-
passing Cr in LaCrGe3 imply that correlated 3d-states
not only hybridize to p-ones of surrounding ligands but
also bond between each other [16], justifying a general ap-
plicability of a p-d model. In turn, adequate to LaCrGe3
parametrization of the model can be extracted from the
electronic properties: (i) shallow d-level position [16, 17]
and 3d nature of Cr valence states indicate U/|εd|  1;
(ii) general agreement with (La3+)(Cr3+)(Ge2−)3 oxida-
tion state [16] pinpoints nd < 1; (iii) bonding between 3d-
states twice smaller than their hybridization to p-states
[16] suggests 2|td| ' |V |.
All these features indicate that properties of LaCrGe3
fulfill necessary conditions (cf. first column of table in
Fig. 1) for a pressure-induced FM/AFM transition (cf.
arrow in Fig. 3), that is indeed observed in experiment
[11, 12]. A crowning achievement of the adequate to
LaCrGe3 fine-tuning of parameters is the realization of
TP between FM1, FM2 and AFM phases. In our consid-
erations a small Zeeman splitting due to a magnetic field
(h) would increase the energy of AFM whereas decrease
energies of both FM1 and FM2 in a similar manner, giv-
ing rise to TP also on the U -h plane. Therefore, TP in
Fig. 3 can be related to a similar FM1-FM2-AFM meet-
ing point that has been recently observed at the pressure
- magnetic field, low-T diagram of LaCrGe3 [12].
Moreover, experiments on LaVxCr1−xGe3 [21] provide
a further argument in favor of the two-channel Stoner
mechanism to be realized in LaCrGe3. Gradual inter-
changing of Cr3+ into V3+ decreases the average filling
of d-orbital. Available data under a pressure for the com-
position of x = 0.16 show absence of FM/AFM transition
[21]. Such a behavior is in accord with a previously dis-
cussed strict constraints for observing FM/AFM transi-
tion imposed on the d-orbital filling and limiting its value
also from bottom.
ZrZn2 and CrAs. Itinerant d-electron ferromagnet
ZrZn2 and antiferromagnet CrAs share several similar-
ities of electronic structure: (i) in both systems band
structure calculations indicate predominant role of mixed
p-d states near the Fermi level [13–15, 23–25] and thus
a general validity of a p-d model; (ii) for both materials
there exist evidences for proximity between FM and AFM
states [23, 65, 66]; (iii) weak degree of correlations quan-
tified by U/|tc| in ZrZn2 is present due to a 4d nature of
correlated states (small U) while in CrAs due to a very
wide p-band (large |tc|) [23–25]. First two similarities
(i-ii) indicate a possible importance of the two-channel
Stoner mechanism to describe properties of these mate-
rials. The third one (iii) suggests that due to the small
ratio U/|tc| in both materials, both U and d change un-
der pressure on an equal footing (cf. Fig. 4).
In case of ZrZn2, ab-initio studies are consistent with a
general (Zr0)(Zn0)2 oxidation configuration [29] guaran-
teeing d-orbital occupation sizably lower than the half-
filling, nd < 1. Therefore, in order to address ZrZn2, the
p-d model should be parametrized with the rather shal-
low d-level, implying U/|εd| > 1. Experimental findings
suggest that the low-T, ambient pressure state of ZrZn2 is
the FM1 phase [3] with a small AFM component [65, 66]
which due to a pressure changes through the first order
transition to PM [3]. Consequently, we draw at the dia-
gram in Fig. 4 labeled dashed-arrow (for U/|εd| = 2.5)
starting in FM1 phase not far from AFM, indicating a di-
rection that can be possibly associated with ZrZn2 under
pressure.
In turn, electronic properties of CrAs are consistent
with (Cr0)(As0) oxidation state, implying occupation of
3d-orbital larger but close to half-filling [24]. There-
fore, the p-d model for this material is parametrized with
rather deep d-level such that U/|εd| < 1. Consequently,
the direction possibly associated with CrAs under pres-
sure is drawn in Fig. 4 with labeled dashed-arrow for
U/|εd| = 0.5. The proximity to AFM/FM transition,
present in Fig. 4 already for U/|εd| ' 0.6, can justify why
ab-initio calculations, that are known to slightly overes-
timate tendency toward FM, support stable FM in CrAs
under pressure [23].
It is intriguing to note that both ZrZn2 and CrAs at
the border of the magnetic/non magnetic phase reached
by pressure develop superconductivity [67, 68]. Assum-
ing that our simplified modeling indeed captures essential
properties of these systems, it is natural to pose a ques-
tion whether superconductivity in both compounds can
be driven by the same, though yet uncovered, pairing
mechanism accommodated by the p-d model.
Summary. In the present work, motivated by recent
discoveries in LaCrGe3 [11] and modified Landau-theory
studies [22] we propose the microscopic two-channel
Stoner mechanism for competing AFM and FM orders in
d-electron metallic magnets. Based on the quantitative
analysis of H accommodating the mechanism and under-
lying physical intuition, linking favored magnetic state to
the filling and the degree of correlation of the d-orbital,
we have formulated general conditions to be satisfied by
a compound (cf. table of Fig. 1) for a possible realization
of the pressure-induced transition between FM and AFM
orders. Most importantly within the proposed mecha-
nism we were able to directly interpret pressure-driven
FM to AFM transition observed in LaCrGe3 [11, 12]
and lack thereof in LaV0.16Cr0.84Ge3 [21], without in-
voking effects of quantum criticality [7–10]. We have also
compared our predictions with properties of itinerant d-
electron magnets ZrZn2 and CrAs; other candidate ma-
5terials possibly realizing the two-channel Stoner physics.
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